Abstract: In this paper, a novel tunable DBR laser based on novel cascaded gratings is proposed for chirp management in high-speed direct modulation applications. The cascaded gratings, i.e., a tilted π phase-shift grating followed by a normal uniform Bragg grating, can provide a narrow-band reflection spectrum with a sharp falling slope on the longer wavelength side, so that the optical spectrum shaping and the detuned-loading effects can be enhanced. Simulation results indicate that the wavelength tuning range of the laser is about 10 nm and the 3-dB modulation bandwidth reaches up to 25 GHz. By simply adjusting the phase current and thus changing the detuned frequency, the extinction ratio and the frequency chirp can be optimized, which is helpful to improve the dispersion tolerance and reduce the dispersion power penalty.
Introduction
Demands for high capacity transmission are driven by the explosive increase of internet traffic, which has posed great challenge for short-haul local area networks (LANs) and access networks, where multi-Gbps transmission speeds are expected. To meet the increasing demands, 40-Gigabitcapable passive optical networks by 4 × 10G time and wavelength division multiplexed (TWDM) technology and the 100G Ethernet by 4 × 25G wavelength division multiplexed (WDM) technology have been proposed by ITU-T G989 Study Group [1] and IEEE 802.3 Working Group [2] , respectively, where at least 40 km reach is desired. Directly modulated distributed Bragg reflector (DBR) lasers are expected for short-distance TWDM/WDM system due to their advantages of low manufactory costs, modest wavelength tunability, lower power consumption, less inventory and backup costs and higher output power [3] - [5] . To achieve high capacity transmission, the main issues are focused on boosting the modulation speed of the DBR lasers beyond 10 Gb/s and reducing dispersion power penalty caused by the laser chirp.
Normally the modulation bandwidth of the DBR lasers is limited due to their relative long cavity structure. The detuned-loading effects is an effective way to improve the modulation bandwidth of the DBR lasers, which can be realized by tuning the lasing wavelength on the longer wavelength side of the reflection spectrum. High speed two-section DBR lasers with a bandwidth of over 30 GHz utilizing the detuned-loading effects have been reported and demonstrated [6] , [7] . Another important issue for the directly modulated DBR lasers applied in TWDM/WDM systems is the frequency chirp, which will result in spectrum broaden that severely limits the maximum achievable system transmission capacity due to the fiber dispersion. In our previous work, we proposed a chirp compensated scheme to reduce DBR laser chirp by injecting reverse modulation current into phase section [8] . This method mainly reduces the adiabatic chirp and could extend the transmission distance to 150 km at 2.5 Gb/s, however it would be ineffective when the bitrate is increased up to 10 Gb/s since the transient chirp is dominant at higher modulation speed. Chirp-managed laser (CML) has been demonstrated as a competitive solution to provide high dispersion tolerance for metro/access systems [8] , in which a directly modulated laser is followed by an optical spectrum reshaping (OSR) filter. Different directly modulated lasers are used as sources, such as DFB laser [9] , tunable modulated-grating Y-branch (MG-Y) lasers [10] , DFB laser array [11] and DBR laser [12] . Meanwhile, multi-cavity thin-film filters [13] , ring-based filters [14] , and optical delay line interferometers [15] are employed as an OSR filter to implement the frequency modulation (FM) to amplitude modulation (AM) conversion to increase the extinction ratio (ER), thereby increasing the dispersion tolerance. Recently, a monolithically integrated CML based on slanted trenches has also been proposed [16] .
In this paper, a novel chirp-managed tunable DBR laser is proposed, where a normal DBR section is replaced by a tilted π phase-shift grating cascaded with a normal uniform Bragg grating (named as TPSG-DBR). The reflection spectrum of the TPSG-DBR is significantly narrowed down due to the tilted π phase-shift grating introduced. Static and dynamic characteristics of the proposed tunable TPSG-DBR laser are first simulated and analyzed based on a time-domain traveling-wave model. The wavelength tuning range of the laser is about 10 nm with 8 accessible ITU-channels (100 GHz spacing). The 3-dB modulation bandwidth of the device is above 25 GHz. Compared with the normal DBR design, the TPSG-DBR provides a narrower and asymmetric reflection spectrum. When the operating wavelength of the tunable laser is located on the falling edge of the reflection spectrum, the optical spectrum shaping and the detuned-loading effects can be enhanced to improve ER and suppress the chirp. Finally, reduced dispersion power penalty is demonstrated with the proposed device for different transmission distances over standard single mode fiber (SSMF).
Principles and Design of the Cascaded Gratings
As mentioned above, the modulation bandwidth of the DBR lasers can be increased by the socalled detuned loading effects. This is because that the differential gain parameter can be effectively increased under modulation, when the laser is adjusted to work on the long-wavelength side of the reflection peak of the DBR reflector. On the other hand, when the lasing wavelength is located on the falling edge of the reflection spectrum, the falling edge of the reflection spectrum can have filtering effect on the broaden spectrum caused by the laser chirp under modulation. In other words, the DBR reflector can also act as an intra-cavity OSR filter. However, this effect is not obvious in the normal DBR lasers, since the reflection spectrum of the normal DBR reflector with uniform grating do not have a steep slope as required by the OSR filter. To enhance the OSR effect, we propose a novel tunable DBR laser, i.e., TPSG-DBR tunable laser, as illustrated in Fig. 1 , where the normal uniform DBR grating is replaced by cascaded gratings consisting of a tilted π phase-shift Bragg grating (PSG) and a normal uniform Bragg grating.
The transmission spectrum of PSG has a very narrow passband in the central wavelength, this characteristic makes PSG a good choice for narrow band filters with sharp falling slope [17] . When the PSG is fabricated within the laser cavity, the residual reflection of PSG is not expected since it will cause serious oscillation of output power. Gratings with a tilted angle can help to reduce the reflection [18] , [19] , so we introduce a small tilted angle into the PSG. The tilted angle of waveguide gratings is an important factor in determining the grating coupling coefficient [20] . For reflective mode, a small tilted angle will dramatically increase the coupling from fundamental mode to higher order mode, while in single-mode waveguide, higher order modes will quickly fade, the 
reflectivity will drop rapidly. For transmission mode, the tilted angle should be much larger for strong coupling from fundamental mode to higher order mode, so a small tilted angle of the gratings can have small influences on the transmission mode. Fig. 2 shows the transmission and reflection spectrum of the tilted PSG with different tilted angle θ g ranging from 0
• to 4
• , which is calculated by using transmission matrix model (TMM) with tilted incident light [21] . Clearly from Fig. 2 , we can observe that the reflectivity drops rapidly as the tilted angle increases. When θ g = 4
• , the reflectivity will become less than −35 dB, while the transmittance changes little. Simulated results indicate that a tilted angle of 4
• is enough to remove most of the reflection power out of the laser cavity, so this tilted angle is adopted for laser design.
The total reflectivity coefficient r total of the TPSG-DBR can be calculated by:
where t PSG represents the transmission coefficient of the tilted PSG, r D B R represents the reflection coefficient of the uniform Bragg grating. The total reflection spectrum of the TPSG-DBR is presented in Fig. 3 , the related parameters are listed in Table 1 . The center wavelength of the tilted PSG is designed near the falling edge of the reflection spectrum of the DBR grating to get a steep falling edge. Compared with the normal DBR grating, the reflection spectrum of the TPSG-DBR is significantly narrowed down with a FWHM of about 0.4 nm and the slope of the falling edge is about 0.35 dB/GHz at the −3 dB point.
Numerical Simulation of the Tunable TPSG-DBR Laser

Simulation Model
As shown in Fig. 4 , the active and phase section is modeled by a large signal time-domain travellingwave (TDTW) model, and the cascaded gratings are first simulated by TMM and then transform into time domain via the finite impulse response (FIR) digital filter approach [22] . The time-domain travelling wave formula is as follows [23] , [24] :
where v g is the group velocity, F and R represent the forward and backward propagating field inside the waveguide, respectively. S F and S R are the spontaneous emission noise coupled into the forward and reverse fields. is the optical field confinement, α is the internal loss, g is the optical field gain (for phase section the gain is zero) and δ is the detuning factor given by:
where g 0 is the gain coefficient, c is the speed of light in vacuum, P is the photon density given by the normalized power {|F | 2 + |R | 2 }, λ 0 is the reference wavelength, n eff 0 is the initial effective refractive index at transparency. n eff is the effective refractive index related to the carrier density by:
Phase section :
where α H represents the linewidth enhancement factor, dn/dN is the refractive index derivative with respect to the carrier density and N p is the carrier density of the phase section. The time-dependent carrier rate equations in the active layer is described as follows:
where I is the injection current of the active section, V a is the volume of the active layer, A is the monomolecular recombination coefficient, B is the bimolecular recombination coefficient and C is the auger recombination coefficient. The reflection optical field R m at specific time m can be expressed by convolution of the incident light field F k with reflection coefficient in time domain as:
where M t is the length of the coefficient, r is the filter coefficient in time domain, which is the inverse Fourier transform of the reflection coefficient in frequency domain as:
The boundary conditions then become:
where r L is the facet reflectivity at the output end-face, L = L a + L p is the length of the active section and phase section. The detailed parameters used in the simulation are listed in Table 1 . The output end-face of the laser is the cleavage plane and the end-face of the grating section is anti-reflection coated with zero reflection. By substituting equations (9)- (12) to the equations (2), (3) and (8), the optical field F and R can be solved, and the static characteristics, including lasing wavelength and optical spectrum, can be obtained by fast Fourier transform of the optical field.
Furthermore, the small signal intensity modulation responses of the tunable laser can be obtained by applying a small sinusoidal perturbation in the TDTW model. Meanwhile, the frequency chirp ν(t) of the proposed laser under direct modulation can be expressed as:
where P out is the output power, κ c = 2 a ε/η d h νV a is the adiabatic chirp coefficient, η d is the differential quantum efficiency and ν is the lasing frequency. It should be note that the effective linewidth enhancement factor α eff is related to the slope of the reflection spectrum, which is expressed as [25] :
where
, r e is the equivalent reflectivity of the active section and phase section given by r e = r L e −2j(k 1 L a +k 2 L p ) . k 1 and k 2 are the complex wavenumber for the active section and phase section given by
As shown in Fig. 1 and Table 1 , the proposed laser is designed with ridge waveguide structure, and a narrow ridge waveguide (1.2 μm) is initially selected, mainly considering requirements of the single transverse mode condition and high-speed modulation. However, a wider waveguide design (about 2−2.4 μm) will be feasible since operation with the single transverse mode finally determined by gain/loss ratios of the laser. The optical field confinement factor and the effective refraction index slightly increase with increasing the ridge width, which will result in slight changes in parameters of the proposed gratings. So there will be an optimization between the waveguide design and the grating design. In terms of fabrication process, the TPSG-DBR laser has no special requirements compared to a normal DBR laser. However, due to the introduction of the tilted grating, it will require a further step overlay alignment during the fabrication process of the passive grating region.
Static Characteristics
The wavelength tuning curves with different injection current applied to the grating section and the phase section are shown in Fig. 5(a) and Fig. 5(b) , respectively, where the injection current of the active section is 50 mA. Obviously, the longitudinal mode space is about 50 GHz and the total wavelength tuning range is about 10 nm. An example of the superimposed lasing spectrum of 8 ITU channels with channel spacing of 100 GHz is presented in Fig. 6 . 
Modulation Response and Eye-Diagram
To calculate the small signal intensity modulation responses of the tunable TPSG-DBR laser, a small sinusoidal perturbation current is coupled to the bias current of the active section. Fig. 7 shows the response curves under different bias currents, where the currents injected into the phase section and the grating section are 20 mA and 10 mA to ensure the lasing wavelength located at the falling edge of the total reflection spectrum. The 3-dB modulation bandwidth is found to be more than 25 GHz with the bias current I bi as up to 75 mA because of the detuned-loading effects. Fig. 8 presents the eye diagrams of the laser modulated at 10 Gb/s and 25 Gb/s, where the bias current is set to be 55 mA and the modulation amplitude is 50 mA, the currents into the phase section and grating section are still 20 mA and 10 mA, respectively. Clearly, the eyes of the 10 Gb/s and 25 Gb/s are all well opened.
Improvements on ER, Chirp and Transmission Performances
The optical spectrum of the laser output modulated at 10 Gb/s superposed with the total reflection spectrum of the TPSG-DBR is presented in Fig. 9(a) . It is obvious that due to the laser chirp, the lasing wavelength corresponding to bit "1" is a little shorter than that corresponding to bit "0" during direct modulation. The TPSG-DBR is so designed that the grating reflectivity at bit "1" is much higher than bit "0" to enhance the OSR effect. The output power and the ER of the laser with different detuned frequencies is then studied and the results are presented in Fig. 9(b) , where the detuning frequency δ f refers to the frequency difference between the center of lasing wavelength and the peak of the reflection spectrum and the positive detuning represents red shift. Distinguished from the normal CMLs, the detuning frequency of the proposed device can be adjusted by simply tuning the phase section current. It suggests that a red shift frequency detuning can help to increase the ER of the laser while a blue shift frequency detuning is just the opposite. However, the frequency detuning can also slightly reduce the output power due to the decrease of the reflectivity. The ER can be optimized by selecting the detuned frequency δ f via adjusting the tuning current of the phase section, for example, the ER for the case of Fig. 8 is about 6.2 dB when δ f is selected as 12 GHz.
Another interesting phenomenon, i.e., frequency chirp reduction is also observed from Fig. 10 , where the effective linewidth enhancement factor and the frequency chirp of the TPSG-DBR laser with different detuned frequencies are calculated based on Eq. (13)- (14) . It is obvious from Fig. 10(b) that the frequency chirp, including the transient chirp and the adiabatic chirp can be significantly reduced when a large red shift frequency detuning is selected. This can be understood from the comparison of the effective linewidth enhancement factor of the TPSG-DBR laser and normal DBR laser in Fig. 10(a) . In the range of red shift frequency detuning, the effective linewidth enhancement factor of the TPSG-DBR laser is smaller than that of the normal DBR laser, thus reducing the frequency chirp.
Obviously, compared with the normal DBR design, the TPSG-DBR provide a narrower and asymmetric reflection spectrum. When the operating wavelength of the tunable laser is located on the sharp falling edge of the reflection spectrum, the optical spectrum reshaping can be enhanced to improve ER, at the same time, the laser chirp can be suppressed due to the detuned loading effects. It should be noted that different waveguide design will induce slight differences on modulation performances, such as the speed and the chirp, since related factors (including the relaxation oscillation frequency, the photon lifetime and the optical field confinement factor) will change with the waveguide design.
Transmission simulations are then performed with δ f of 12 GHz, making sure that the ER is higher than 6.2 dB. The simulated transmission performances of the proposed laser modulated at 10 Gb/s and 25 Gb/s through SSMF with different transmission distances are shown in Fig. 11(a) and (b), respectively. When the laser is modulated at 10 Gb/s, it is observed that the dispersion power penalty at the receiver is less than 1 dB at the 7% forward error correction (FEC) limit (BER at 3.8 × 10 −3 ) with the transmission distance increasing from 0 to 40 km. Furthermore, transmission performances of a normal DBR laser with similar structure parameters modulated at 10 Gb/s are added in Fig. 11(a) . Clearly, the power penalty for the normal DBR laser with 40 km is larger than 2 dB. When the laser is modulated at 25 Gb/s, the dispersion power penalty is increased to about 2 dB at the FEC limit for 10 km.
Conclusions
We have proposed a tunable laser with a grating section consisting of a tilted PSG and a uniform Bragg grating. By slightly tilting the PSG with a tilt angle of 4
• , a narrow band reflection spectrum with sharp slope on the longer wavelength side of the total reflectivity peak can be obtained.
When the operating wavelength of the tunable laser is located on the falling edge of the reflection spectrum, i.e., utilizing the detuned-loading effects, the direct modulation bandwidth of the laser reaches up to 25 GHz. More importantly, the optical spectrum shaping and the detuned-loading effects can be enhanced by the TPSG-DBR design. By simply adjusting the phase current and thus changing the detuned frequency, the extinction ratio and the frequency chirp can be optimized. The transmission results have shown that the proposed laser can send 10 Gb/s signal over 40 km SSMF with dispersion power penalty of less than 1 dB, and 25 Gb/s signal over 10 km SSMF with dispersion power penalty of about 2 dB. Thus, the proposed tunable laser is promising for the future short-haul transmission and access network applications, such as TWDM-PON and 100G EPON systems.
